###### Significance of this study

What is already known on this subject?
======================================

-   Evidence based on mutational analysis predicts that pancreatic cancers are confined to the pancreas for many years, perhaps a decade or more before spreading beyond the pancreas.

-   Clinical experience indicates that most patients with advanced stage pancreatic cancer progress rapidly.

-   Certain patient characteristics are associated with an earlier average age of pancreatic cancer diagnosis, such as cigarette smoking and African-American ethnicity.

What are the new findings?
==========================

-   We find, after adjusting for factors associated with age at diagnosis, the average age differences of patients with larger versus smaller T stage tumours is small and often not statistically significant, suggesting that most pancreatic cancers rapidly progress from lower to higher T stages.

-   We estimate that the average T1-stage pancreatic cancer progresses to T4 stage in just over 1 year.

How might it impact on clinical practice in the foreseeable future?
===================================================================

-   Recommendations for the surveillance of patients undergoing pancreatic screening need to take into account the potential for the rapid progression of pancreatic cancer.

-   To avoid detecting late-stage cancers, early detection efforts have to focus on detecting and treating very small subcentimeter pancreatic cancers and carcinoma in situ.

Introduction {#s1}
============

Patients with pancreatic ductal adenocarcinoma usually present with advanced-stage cancers, have rapidly progressive disease and a poor prognosis. For this reason, pancreatic screening studies have evaluated the utility of using endoscopic ultrasound and MRI/MR cholangiopancreatography-based screening for individuals with a family history of pancreatic cancer in multiple first-degree relatives to try and detect asymptomatic early pancreatic cancers and precancerous lesions.[@R1] There is a high prevalence of precancerous lesions among patients who meet criteria for undergoing pancreatic screening.[@R1] These lesions include intraductal papillary mucinous neoplasms (IPMNs) typically identified as pancreatic cysts, and pancreatic intraepithelial neoplasia (PanIN) generally identified only after pathological examination of the resected pancreas.[@R10] Pancreatic screening protocols base their recommendations for surveillance[@R11] largely on the characteristics of the pancreatic cysts identified by screening and on the overall experience of following patients with incidentally-detected pancreatic cysts,[@R10] [@R12] despite evidence that most pancreatic cancers are thought to arise from undetected PanIN rather than from cysts, even in participants who are candidates for pancreatic screening.[@R11] [@R13] An important goal of pancreatic screening is to identify and treat any pancreatic cancers that develop while they are still small and confined to the pancreas and ideally to identify and treat carcinoma in situ (ie, lining pancreatic cystic neoplasms or as PanIN-3 lesions) before invasive pancreatic cancer develops.[@R11] [@R14] Pancreatic cysts with suspicious features can be imaged and sampled directly, but tests to detect PanIN-3 lesions such as by sampling secretin-stimulated pancreatic fluid are still investigational.[@R15]

Since pancreatic imaging tests cannot reliably detect PanIN lesions and can only detect a pancreatic cancer mass once it reaches several millimetres in diameter,[@R16] it is important to understand the natural history of the early clinical stages of invasive pancreatic cancer. Reliable estimates of the time it takes pancreatic cancers to progress from its earliest detectable stage to more advanced stages are needed to determine surveillance intervals for patients undergoing pancreatic screening. A study using pancreatic cancer passenger mutations to model tumour progression concluded that pancreatic cancer remains confined to the pancreas for many years.[@R17] This prediction contrasts with the experience of many patients who present with advanced-stage pancreatic cancer and have rapidly progressive disease. One reason for this apparent discrepancy is that this model estimates time starting from when the first cancer cell emerges until it progresses to an advanced cancer and includes the period when the cancer is too small (\<4--5 mm in diameter) to be detectable by clinical tests. This undetectable period of growth may represent the majority of the overall time to progression, since a founding cancer cell has to undergo many tumour doublings to become a detectable tumour (a 1 cm diameter tumour contains ∼1 billion cells), but only a few more doublings to grow into an advanced-stage tumour. The most relevant timeframe for early detection purposes is the time from when a cancer first becomes detectable by diagnostic tests up until it begins to progress beyond stage I disease. Although pancreatic cancer has a poor prognosis overall, patients with small stage I cancers have a better outcome than most patients with resectable cancers (mostly stage IIB).[@R18]

If it takes several years for most small early-stage clinically detectable pancreatic cancers to progress to advanced-stage disease, screening intervals can account for this and focus on trying to detect small stage I pancreatic cancers. On the other hand, if pancreatic cancers usually progress rapidly through its clinical stages (such as 1 year), then patients destined to develop pancreatic cancer are much more likely to present with advanced-stage cancers even if they undergo regular and frequent surveillance, unless screening protocols can reliably detect and treat preinvasive lesions.

Several studies have estimated the growth rate of various cancers using serial tumour marker measurements or serial CT scanning,[@R21] but only limited data of this kind is available for pancreatic cancer. One study that measured serial serum CA19-9 and carcinoma embryonic antigen (CEA) measurements in patients with advanced stage disease estimated the average tumour doubling time of pancreatic cancers to be ∼40--60 days.[@R22] Studies have attempted to estimate tumour growth using experimental models,[@R23] but these models may not sufficiently represent the growth of primary human cancers.

If the average time required for pancreatic cancers to progress through different stages is long enough, it should be reflected in the average age of patients diagnosed at each stage of disease. In this study we analyse patient and tumour data in the National Cancer Institute\'s (NCI) Surveillance, Epidemiology and End Results (SEER) database to evaluate factors associated with age and tumour size at diagnosis and then used this information to compare the average age of patients with small and low-stage pancreatic cancers versus those with larger and higher stage cancers in order to estimate the average time it takes pancreatic cancer to progress through its clinical stages.

Patients and methods {#s2}
====================

We analysed the data of patients with pancreatic ductal adenocarcinoma entered into the NCI\'s SEER database, considered to be representative of the US population.[@R24] In the SEER database, there were 13 131 patients aged between 30 and 95 years and diagnosed with stage I to IV pancreatic ductal adenocarcinoma (American Joint Committee on Cancer (AJCC), Seventh edition, described in online supplementary table S1) between January 2004 and December 2011 who had all the required data for this study (demographics, primary site, tumour size, tumour stage, neoplastic grade, diagnostic confirmation, surgery of the primary site for patients with stage I and stage II disease). The SEER data includes patients from 18 registries: Alaska, Atlanta, Connecticut, California (excluding San Francisco, Los Angeles and San Jose), Detroit, Georgia (excluding Atlanta and rural Georgia), rural Georgia, Hawaii, Iowa, Kentucky, Los Angeles, Louisiana, New Jersey, New Mexico, San Francisco-Oakland SMSA, San Jose-Monterey, Seattle and Utah. We included cases with pancreatic ductal adenocarcinoma who had data available for all the following inclusion criteria: malignant behaviour, known age, age at diagnosis (codes: 30-115), race (codes: white, black, other), sex (codes: male and female), primary site (codes: C25.0-head of pancreas, C25.1-body of pancreas, C25.2-tail of pancreas), neoplastic grade (codes: well/moderately/poorly differentiated and undifferentiated), diagnostic confirmation, AJCC stage (codes: IA, IB, IIA, IIB, III and IV), tumour size (codes: 5-988), therapy; surgery of the primary site for patients with stage I and stage II disease (codes: 0-90). We excluded cases with variant histology such as those with cystic adenocarcinomas and neuroendocrine cancers.

Statistics {#s2a}
----------

The primary goal of the analysis was to identify factors associated with age at diagnosis and use adjusted patient ages to estimate the average time to progression of pancreatic cancer through and within its clinical stages. Since primary tumour burden is more accurately quantified than the extent of metastatic disease, the analysis focused on estimating the average time to progression among patients who had localised or locally advanced disease. Patient and tumour characteristics associated with age at diagnosis were examined using student t tests. Differences in age by patient groups defined by disease stage and tumour size were estimated with multivariable linear regression models that adjusted for sex, race, tumour location and grade. No hypotheses were defined a priori, and therefore p values are not adjusted for multiple comparisons and are presented for descriptive purposes only. Analyses were completed using SPSS (V.22.0) and R (V.3.1.1).

Results {#s3}
=======

The patient characteristics associated with age at diagnosis in the SEER database are listed in [tables 1](#GUTJNL2014308653TB1){ref-type="table"} and [2](#GUTJNL2014308653TB2){ref-type="table"}. Males with pancreatic ductal adenocarcinoma were significantly younger than females (mean age (95% CI), 65.2 (64.9 to 65.5) vs 66.8 (66.5 to 67.1) years; p\<0.0001). Males also had slightly larger primary tumours on average than females (mean tumour diameter; 3.9 (3.9 to 4.0) vs 3.7 cm (3.7 to 3.8) (p\<0.0001). African-Americans were also significantly younger at the time of diagnosis than Caucasians (62.7 (62.2 to 63.3) vs 66.4 (66.2 to 66.6) years) and other ethnic groups (65.6 (64.9 to 66.4) years; p\<0.0001 for both comparisons). Caucasians were older on average than all other ethnic groups (p=0.034). African Americans also had larger tumours on average than other ethnic groups (mean tumour diameter, 4.0 (3.9 to 4.1) vs 3.8 (3.8 to 3.8) cm; p=0.0001). There was no significant difference in the age of patients whose tumours were located in the head, body or tail of the pancreas (data not shown). The average size of tumours located in the head of pancreas was significantly smaller than those in the body and those in the body were significantly smaller than those in the tail; (mean tumour diameter; 3.5 (3.5 to 3.6) vs 4.3 (4.2 to 4.4) vs 4.8 (4.7 to 4.9) cm; p\<0.0001).

###### 

Characteristics of all Surveillance, Epidemiology and End Results (SEER) participants, by their stage of pancreas cancer

  ----------------------------------------------------------------------------------------------------------------------------
                                      Stage IA\      Stage IB\       Stage IIA\    Stage IIB\      Stage III\    Stage IV\
                                      N=409          N=757           N=1907        N=5192          N=1305        N=3561
  ----------------------------------- -------------- --------------- ------------- --------------- ------------- -------------
  Age at diagnosis---median (range)   66 (30, 88)    66 (31, 89)     68 (31, 93)   66 (30, 95)     67 (31, 94)   67 (30, 95)

  Age at diagnosis---mean (SD)        64.8 (11.1)    64.9 (12)       67.1 (10.6)   65.7 (10.9)     66.1 (11.5)   66.1 (12)

  Race---number (%)                                                                                              

   Black                              37 (9)         88 (12)         177 (9)       462 (9)         177 (14)      494 (14)

   Other                              29 (7)         69 (9)          162 (8)       331 (6)         116 (9)       271 (8)

   White                              343 (84)       600 (79)        1568 (82)     4399 (85)       1012 (78)     2796 (79)

  Sex---number (%)                                                                                               

   Female                             201 (49)       395 (52)        947 (50)      2537 (49)       654 (50)      1646 (46)

   Male                               208 (51)       362 (48)        960 (50)      2655 (51)       651 (50)      1915 (54)

  Location---number (%)                                                                                          

   Body                               61 (15)        124 (16)        147 (8)       272 (5)         234 (18)      702 (20)

   Head                               248 (61)       441 (58)        1469 (77)     4421 (85)       979 (75)      1944 (55)

   Tail                               100 (24)       192 (25)        291 (15)      499 (10)        92 (7)        915 (26)

  Grade---no. (%)                                                                                                

   G1                                 174 (43)       208 (27)        254 (13)      564 (11)        197 (15)      415 (12)

   G2                                 172 (42)       359 (47)        982 (51)      2582 (50)       517 (40)      1182 (33)

   G3                                 56 (14)        178 (24)        629 (33)      1966 (38)       563 (43)      1826 (51)

   G4                                 7 (2)          12 (2)          42 (2)        80 (2)          28 (2)        138 (4)

  Size (cm)---median (range)          1.5 (0.5, 2)   3.2 (2.1, 15)   3 (0.7, 14)   3.3 (0.5, 15)   4 (0.5, 14)   4 (0.5, 15)

  Size (cm)---number (%)                                                                                         

   ≤2 cm                              409 (100)      0 (0)           345 (18)      735 (14)        93 (7)        234 (7)

   2--4 cm                            0 (0)          535 (71)        1095 (57)     3124 (60)       594 (46)      1554 (44)

   \>4 cm                             0 (0)          222 (29)        467 (24)      1333 (26)       618 (47)      1773 (50)

  T stage---number (%)                                                                                           

   T1                                 409 (100)      0 (0)           0 (0)         172 (3)         0 (0)         111 (3)

   T2                                 0 (0)          757 (100)       0 (0)         624 (12)        0 (0)         1070 (30)

   T3                                 0 (0)          0 (0)           1907 (100)    4396 (85)       0 (0)         1514 (43)

   T4                                 0 (0)          0 (0)           0 (0)         0 (0)           1305 (100)    866 (24)

  N stage---number (%)                                                                                           

   N0                                 409 (100)      757 (100)       1907 (100)    0 (0)           751 (58)      1956 (55)

   N1                                 0 (0)          0 (0)           0 (0)         5192 (100)      554 (42)      1605 (45)
  ----------------------------------------------------------------------------------------------------------------------------

###### 

Mean (SD) of age at diagnosis, for all Surveillance, Epidemiology and End Results (SEER) participants, by stage and other clinical characteristics

                          All patients   Stage IA      Stage IB      Stage IIA     Stage IIB     Stage III     Stage IV
  ----------------------- -------------- ------------- ------------- ------------- ------------- ------------- -------------
  Race---mean (SD)                                                                                             
   Black                  62.7 (11)      61.2 (10)     58.9 (11.3)   63.8 (10.5)   61.8 (10.5)   64.5 (11.3)   63.4 (11.4)
   Other                  65.6 (12)      60.3 (11.5)   65.1 (11.4)   64.8 (11.7)   65.7 (11.6)   67.4 (12.1)   66 (12.7)
   White                  66.4 (11.2)    65.5 (11)     65.7 (11.9)   67.7 (10.4)   66.1 (10.8)   66.2 (11.5)   66.6 (12)
  Sex---mean (SD)                                                                                              
   Female                 66.8 (11.5)    64.7 (11.7)   63.9 (12.7)   67.4 (10.7)   66.7 (10.9)   67.1 (11.9)   67.3 (12.3)
   Male                   65.2 (11)      64.8 (10.5)   65.9 (11)     66.8 (10.6)   64.7 (10.8)   65.1 (11)     65.1 (11.6)
  Location---mean (SD)                                                                                         
   Body                   66.2 (11.5)    63.6 (11.1)   65.4 (12.4)   67.8 (10)     65.2 (11.5)   66.2 (11.5)   66.7 (11.6)
   Head                   66 (11.1)      65.2 (11.2)   65.5 (11.1)   67.1 (10.4)   65.7 (10.8)   66 (11.4)     66.2 (11.9)
   Tail                   65.5 (12.2)    64.3 (10.9)   63.1 (13.4)   66.8 (11.9)   65.8 (11.2)   67.1 (12.8)   65.5 (12.5)
  Grade---mean (SD)                                                                                            
   G1                     63.9 (12.4)    62.5 (11.3)   61.7 (12.8)   65.9 (11.4)   63.7 (12.1)   66 (11.6)     63.5 (13.7)
   G2                     66.3 (10.9)    66.9 (10.3)   65.3 (11.7)   67.3 (10.3)   65.9 (10.6)   66.1 (11.4)   66.6 (11.7)
   G3                     66.4 (11.2)    66.2 (11.4)   67.7 (10.7)   67.4 (10.6)   66 (10.8)     66.1 (11.6)   66.4 (11.7)
   G4                     65.3 (11.5)    55.6 (9.9)    64.9 (10.6)   66.3 (12.5)   64.5 (11)     66.3 (11.8)   65.8 (11.5)
  Size (cm)---mean (SD)                                                                                        
   \<2                    65.6 (11.2)    64.8 (11.1)    (NA)         66.8 (11.1)   65 (11)       66.4 (11.6)   67.3 (11.8)
   2--4                   66.2 (11.1)     (NA)         65.4 (11.2)   67.5 (10.2)   66 (10.9)     66.1 (11.3)   66.1 (12)
   \>4                    65.7 (11.6)     (NA)         63.4 (13.4)   66.3 (11.2)   65.3 (10.7)   66 (11.8)     65.9 (12)
  T Stage---mean (SD)                                                                                          
   T1                     65.1 (11.4)    64.8 (11.1)    (NA)          (NA)         64.3 (11.8)    (NA)         67.5 (11.7)
   T2                     65.9 (11.9)     (NA)         64.9 (12)      (NA)         64.9 (11.4)    (NA)         67.1 (12.1)
   T3                     66.1 (11)       (NA)          (NA)         67.1 (10.6)   65.8 (10.8)    (NA)         65.6 (12.2)
   T4                     65.9 (11.5)     (NA)          (NA)          (NA)          (NA)         66.1 (11.5)   65.6 (11.6)
  N Stage---mean (SD)                                                                                          
   N0                     66.6 (11.4)    64.8 (11.1)   64.9 (12)     67.1 (10.6)    (NA)         66.8 (11.7)   67.3 (11.8)
   N1                     65.4 (11.2)     (NA)          (NA)          (NA)         65.7 (10.9)   65.1 (11.3)   64.7 (12.1)

Patients with well-differentiated cancers were significantly younger at diagnosis (mean age, 63.9 (63.3 to 64.5) years) than patients with cancers of higher neoplastic grade (moderately, poorly or undifferentiated; 66.3 (66.0 to 66.5), 66.4 (66.1 to 66.7) and 65.3 (64.0 to 66.6) years; p\<0.0001, p\<0.0001 and p=0.043; respectively). Patients with well-differentiated (mean tumour diameter, 3.7 (3.6 to 3.8) cm) and moderate-differentiated cancers (3.6 (3.6 to 3.7) cm) had smaller tumours on average than patients with poorly differentiated cancers (4.0 (4.0 to 4.1) cm; p=0.0001 for both). Patients with undifferentiated cancers had the largest tumours (4.7 (4.4to 5.0) cm; p\<0.0001).

Relationships between patient age and tumour size, T stage and overall stage {#s3a}
----------------------------------------------------------------------------

To estimate the time it takes for a small localised T1 to progress to higher T stages, we compared the average adjusted age of patients with localised or locally advanced cancers without distant metastases after adjusting for patient ethnicity, sex, tumour location and grade. Patients with stage I cancers (mean age, 64.8 adjusted years) were on average 2.3 (0.56 to 1.9) adjusted years younger (p=0.0004) than patients with higher stage cancers (mean adjusted age 66.1 years). This was most evident when comparing patients with stage I versus stage IV tumours (age difference=1.3 adjusted years, (0.51 to 2.1), p=0.001). Among patients diagnosed with stage I, II or III cancers, the average adjusted age of patients with T3 or T4 tumours was significantly older than patients with T1 tumours (by 1.06 adjusted years for T3 vs T1, and 1.19 adjusted years for T4 vs T1, p=0.03 for both; [table 3](#GUTJNL2014308653TB3){ref-type="table"}). Interestingly, this age/T stage relationship was not significant for patients with distant metastases (stage IV disease; see online supplementary tables). Therefore, when patients of all stages were compared, the average adjusted age of patients with T3 and T4 tumours was not significantly higher (∼0.5 adjusted years) than those with T1 tumours (see online supplementary tables). This lack of age difference among patients with stage IV disease may in part reflect how primary tumour size is measured in patients with metastatic pancreatic cancer (by imaging tests), whereas patients who underwent pancreatic resection had pathological measurements of their primary cancer. Pathological measurements of tumour size are generally more accurate than those measured by abdominal imaging. In addition, while primary tumour size measurements are probably good estimates of overall tumour burden (and therefore disease duration) in patients with localised or locally advanced pancreatic cancer, the same may not be true for patients with metastatic pancreatic cancer.

###### 

Estimates from multiple linear regression models for age, adjusting for patient race, sex, tumour location and grade among patients with stage I or II disease (first column) and stage I, II or III disease (second column)

                                     Stages I, II                    Stages I, II, III
  ---------------------------------- ------------------------------- -----------------------------
  *Adjusted mean age (years), T1*    *60.03 (58.56 to 61.5)*         *60.68* (*59.3 to 62.06)*
  Age difference (years): T2 vs T1   −0.01 (−1.06 to 1.05), p=0.99   0.03 (−1.03 to 1.1), p=0.95
  Age difference (years): T3 vs T1   0.95 (0.01 to 1.89), p=0.05     1.06 (0.11 to 2), p=0.03
  Age difference (years): T4 vs T1   N.A.                            1.19 (0.11 to 2.27), p=0.03

Separate models were estimated for varying subgroups of patient stage of disease. Values given are mean differences in ages by T stage, with 95% CIs.

We therefore examined differences in the adjusted age of patients with localised or locally advanced disease according to their primary tumour T stage and size within and between different tumor, node, metastasis (TNM) stages. This analysis reveals some expected and some unexpected patterns in the patient age/tumour size relationship. For example, although patients with the lowest stage cancers (stage IA and stage IB) were significantly younger than patients with stage IIA tumours, they were not younger than patients with stage IIB (node-positive) tumours ([table 4](#GUTJNL2014308653TB4){ref-type="table"}, online supplementary table S4). This raises the possibility that biological differences between patients and their cancers that cause some cancers, but not others to spread to lymph nodes could obscure the overall relationship between increasing tumour size and stage and increasing patient age at diagnosis. For example, the age of patients with stage IIA cancers (T3N0M0) was significantly older than patients with stage IIB tumours (T3N1M0; by 1.39 adjusted years, p\<0.0001; see online supplementary table S3). Indeed, among patients whose node status was determined by pathological staging, those with node-positive cancers were significantly younger (by 0.6 adjusted years) than those with node negative disease (p=0.014).

###### 

Estimates from a multiple linear regression model for age, adjusting for patient race, sex, tumour location and grade, among patients with stage I, II or III disease only

                                               Stages I to III only
  -------------------------------------------- -------------------------------
  *Adjusted mean age (years), stage IA*        *60.77* (*59.29 to 62.25)*
  Age difference (years): IB vs IA             −0.15 (−1.46 to 1.17), p=0.83
  Age difference (years): IIA, ≤2 cm vs IA     1.51 (−0.07 to 3.08), p=0.06
  Age difference (years): IIA, 2--4 cm vs IA   2.09 (0.83 to 3.35), p=0.001
  Age difference (years): IIA, \>4 cm vs IA    1.09 (−0.37 to 2.56), p=0.14
  Age difference (years): IIB, ≤2 cm vs IA     −0.47 (−1.81 to 0.87), p=0.49
  Age difference (years): IIB, 2--4 cm vs IA   0.55 (−0.6 to 1.71), p=0.35
  Age difference (years): IIB, \>4 cm vs IA    −0.08 (−1.31 to 1.15), p=0.9
  Age difference (years): III, ≤2 cm vs IA     1.39 (−1.08 to 3.86), p=0.27
  Age difference (years): III, 2--4 cm vs IA   0.77 (−0.62 to 2.16), p=0.28
  Age difference (years): III, \>4 cm vs IA    1 (−0.38 to 2.38), p=0.15

Values given are mean differences in ages by tumour size and stage of disease, with 95% CIs.

Since there are likely to be tumour and patient characteristics that result in patients having had node-positive rather than node-negative or metastatic rather than localised cancers at diagnosis, we focused on comparing the age of patients with tumours within specific TNM stages. In this analysis, there was a general trend within these stage subgroups for patients with larger tumours to be older than patients with smaller tumours, but the age differences were small (typically a few months) and often not statistically significant. Thus, there was no significant difference in the adjusted mean age of patients with stage IB versus stage IA tumours even though stage IB tumours were on average 2.5 cm diameter larger than IA tumours ([table 4](#GUTJNL2014308653TB4){ref-type="table"}). There was also no significant adjusted age difference between patients with stage IIA tumours larger than 2 cm and those with tumours ≤2 cm (0.31 adjusted years, p=0.63; [table 5](#GUTJNL2014308653TB5){ref-type="table"}). Among patients with stage IIB tumours, the mean adjusted age of patients with T3 tumours was 0.79 years older than it was for patients with T1 or T2 tumours (p=0.06; [table 6](#GUTJNL2014308653TB6){ref-type="table"}). Among patients with stage IIB tumours, those with T3 tumours of \>2 cm trended towards being older than patients with T3 tumours ≤2 cm (by 0.84 adjusted-years, p=0.09), and were significantly older than those with T1 and T2 tumours (0.83 adjusted years, p=0.05; [table 5](#GUTJNL2014308653TB5){ref-type="table"}). When we compared patients by the size of their primary tumour rather than its T stage, similar trends were noted: among patients with stage IIB tumours, those with tumours of 2--4 cm diameter were significantly older on average than patients with tumours ≤2 cm (1.02 adjusted years, p=0.02), although patients with \>4 cm tumours were only 0.39 adjusted years older than patients with tumours ≤2 cm (p=0.45; [table 4](#GUTJNL2014308653TB4){ref-type="table"}).

###### 

Estimates from a multiple linear regression model for age, adjusting for patient race, sex, tumour location and grade, among patients with stage I and II disease only

                                                                          Stages I and II only
  ----------------------------------------------------------------------- -----------------------------------
  *Adjusted mean age (years), stage I*                                    *60.03* (*58.71 to 61.35)*
  Age difference (years): stage IIA, ≤2 cm vs stage I                     1.48 (0.17 to 2.79), p=0.03
  Age difference (years): stage IIA, \>2 cm vs stage I                    1.79 (0.96 to 2.63), p\<0.0001
  Age difference (years): stage IIB, T1 and T2 vs stage I                 −0.41 (−1.39 to 0.58), p=0.42
  Age difference (years): stage IIB, T3, ≤2 cm vs stage I                 −0.41 (−1.52 to 0.7), p=0.47
  Age difference (years): stage IIB, T3, \>2 cm vs stage I                0.43 (−0.31 to 1.17), p=0.26
  *Adjusted mean age (years), stage IIA*, ≤*2 cm*                         *61.51* (*59.82 to 63.21)*
  Age difference (years): stage IIA, \>2 cm vs stage IIA, ≤2 cm           0.31 (−0.95 to 1.57), p=0.63
  Age difference (years): stage IIB, T1 and T2 vs stage IIA, ≤2 cm        −1.89 (−3.26 to −0.52), p=0.007
  Age difference (years): stage IIB, T3, ≤2 cm vs stage IIA, ≤2 cm        −1.89 (−3.34 to −0.44), p=0.01
  Age difference (years): stage IIB, T3, \>2 cm vs stage IIA, ≤2 cm       −1.06 (−2.25 to 0.14), p=0.08
  *Adjusted mean age (years), stage IIA, \>2 cm*                          *61.82* (*60.44* to *63.21)*
  Age difference (years): stage IIB, T1 and T2 vs stage IIA, \>2 cm       −2.2 (−3.12 to −1.28), p\<0.0001
  Age difference (years): stage IIB, T3, ≤2 cm vs stage IIA, \>2 cm       −2.2 (−3.25 to −1.15), p\<0.0001
  Age difference (years): stage IIB, T3, \>2 cm vs stage IIA, \>2 cm      −1.37 (−2.01 to −0.73), p\<0.0001
  *Adjusted mean age (years), stage IIB, T1 and T2*                       *59.62* (*58.16 to 61.08)*
  Age difference (years): stage IIB, T3, ≤2 cm vs stage IIB, T1 and T2    0 (−1.17 to 1.17), p=1
  Age difference (years): stage IIB, T3, \>2 cm vs stage IIB, T1 and T2   0.83 (0.01 to 1.66), p=0.05
  *Adjusted mean age (years), stage IIB, T3*, ≤*2 cm*                     *59.62* (*58.04 to 61.2)*
  Age difference (years): stage IIB, T3, \>2 cm vs stage IIB, T3, ≤2 cm   0.84 (−0.12 to 1.8), p=0.09
  *Adjusted mean age (years), stage IIB, T3, \>2 cm*                      *60.46* (*59.11 to 61.8)*

Values given are mean differences in ages by tumour size, with 95% CIs.

###### 

Estimates from a multiple linear regression model for age, adjusting for patient race, sex, tumour location and grade, among patients with stage IIB disease only

                                                   Stage IIB Only
  ------------------------------------------------ ------------------------------
  *Adjusted mean age (years), stage IIB, T1*       *59.77* (*57.42 to 62.13)*
  Age difference (years): stage IIB, T2 vs T1      0.49 (−1.33 to 2.31), p=0.6
  Age difference (years): stage IIB, T3 vs T1      1.17 (−0.48 to 2.81), p=0.16
  *Adjusted mean age (years), stage IIB, T1/T2*    *60.15* (*58.27 to 62.03)*
  Age difference (years): stage IIB, T3 vs T1/T2   0.79 (−0.03 to 1.61), p=0.06

Values given are mean differences in ages by tumour size, with 95% CIs.

Discussion {#s4}
==========

In this study we have calculated differences in the average age at diagnosis of patients with pancreatic cancers of different sizes and stages after adjusting for cofactors that are associated with age at diagnosis. These age differences provide an estimate of the average time it takes pancreatic cancers to grow within and through different stages of the disease. As a representative example, we found that among patients diagnosed with localised or locally advanced disease those diagnosed with T3 or T4 pancreatic cancers were 1.06 and 1.19 adjusted years older, respectively (13--14 months), than patients with T1 tumours (p=0.03; [table 3](#GUTJNL2014308653TB3){ref-type="table"}). Such small age differences between patients with high versus low T stage cancers are in contrast with estimates derived from molecular clock data[@R17] and are consistent with the hypothesis that once a pancreatic cancer is detectable by diagnostic tests, its growth and progression to more advanced stage disease is rapid. It should be noted while that our analysis calculated an average time to progression through different TNM stages, there is likely to be significant heterogeneity in the rate of progression of pancreatic cancers in individual patients.

Evidence that pancreatic cancers rapidly grow through its clinical stages has implications for efforts at detecting pancreatic cancers while it is still at its lowest stage. Ideally, screen-detected cancers would be smaller than the average-sized stage I pancreatic cancer in the SEER database, and so theoretically would have a longer average time-to-progression. There have been only a few screen-detected pancreatic cancers reported in the literature, including cases detected at baseline screening,[@R1] [@R11] and while most of these screen-detected cancers have been resectable cancers,[@R9] few have been stage I cancers, and some were not detected until they were at an advanced stage. Until pancreatic screening programmes have identified more screen-detected pancreatic cancers and understand the challenges of detecting these earliest stage cancers, our results point to the possibility that many pancreatic cancers diagnosed by pancreatic screening will have progressed to advanced stage even when affected patients have undergone regular surveillance unless screening can identify the precancerous lesions likely to progress to invasive cancer in these patients and treat these lesions before they progress to invasive cancer. Better screening tests that can reliably detect very small T1 cancers (\<1 cm, or better yet \<5 mm), and if possible PanIN-3 (carcinoma in situ) would minimise the chance of having patients progressing to advanced stage disease while under surveillance. Current screening programmes emphasise the detection and management of precancerous cystic lesions, because these are the most common lesions detected by current screening tests and removing them provides an opportunity to prevent the development of pancreatic cancer. Resecting the pancreas in these individuals will also remove associated PanIN. Another reason why the focus on identifying and treating pancreatic precursor lesions is important is that efforts focused solely on detecting small T1 primary pancreatic cancers (those \<1 cm) may be inadequate because many T1-stage cancers have spread beyond the pancreas. In our SEER sample, only 179 of 13 131 patients (1.4%) had pancreatic cancers with a diameter of ≤1 cm, 55 of these 179 (30.1%) had node-positive disease and 18 (10.1%) had distant metastases. These data predict that screening protocols that continue surveillance until a pancreatic mass emerges and surgical intervention is undertaken may often fail to prevent death from pancreatic cancer. To increase the numbers of patients diagnosed with stage I pancreatic cancers more high-risk individuals need to undergo pancreatic screening and pancreatic screening programmes need to have well-validated diagnostic tests that can reliably detect carcinoma in situ and very small (\<5 mm) pancreatic cancers.

Expanding pancreatic screening to other at-risk populations might help increase the proportion of patients who had early-stage subcentimetre pancreatic cancers, particularly if better screening tests were developed,[@R14] [@R15] [@R25] but long-term studies are still needed to evaluate the utility of screening the 'high-risk' populations with the appropriate age, family history and/or gene mutation status where screening is currently recommended.[@R11] The benefits of pancreatic screening would likely improve if we were able to better estimate pancreatic cancer risk in the general population[@R26] and in families affected by the disease.[@R27]

Our analysis also confirmed prior associations between pancreatic cancer risk factors and age at diagnosis. Thus, it has been reported that African Americans are diagnosed with pancreatic cancer at an earlier age than other ethnic groups,[@R28] as are individuals who smoke.[@R31] [@R32] The prevalence of known pancreatic cancer risk factors in African Americans versus Caucasians does not explain the earlier average age of pancreatic cancer diagnosis in African Americans.[@R30] It has also been shown that cancers in the tail are generally larger than those in the head of the pancreas.[@R33] We also found that larger primary pancreatic ductal adenocarcinomas were more likely to be poorly differentiated. There is evidence that tumour hypoxia which is likely to be greater in larger tumours contributes to the differentiation state of the tumour.[@R34]

We were not able to identify any significant differences in the age of patients with different sized stage I cancers, perhaps because of the small number of patients available for analysis with stage I pancreatic cancers. Another limitation of our study is that although we adjusted for factors in our data set associated with patient age and tumour size at diagnosis, other risk factors for pancreatic cancer development not in the SEER data set may influence the age of pancreatic cancer diagnosis that if accounted for could provide more reliable estimates of the average age of patients at diagnosis and the size and stage of their tumours. One limitation to using tumour size as a measurement of pancreatic cancer progression is that such measurements do not take into account factors such as the contribution of tumour stroma to tumour size and the limitation of tumour size measurements of resection margin-positive cancers. Although the SEER database is a valuable resource, it does not collect data on resection margin status. It is possible that primary tumour size estimates that accounted for margin status would be more accurate than those without. Incomplete ascertainment can be a concern for SEER-based studies and for cross-sectional studies in general,[@R35] [@R36] particularly studies of outcomes of patients assigned to different treatments.[@R37] Our inclusion criteria only required cases have a complete set of pathological staging and demographic so we would not expect there to be significant bias related to the exclusion of cases without a complete set of data.

In conclusion, we find using the adjusted average ages of patients with localised or locally advanced pancreatic cancer at diagnosis that disease progression is rapid, with an average estimated time of 14 months for a T1 pancreatic cancer to progress to the T4 stage.
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